We report measurements of the low-temperature specific-heat coefficient ␥ϭC p (T)/T, cell volume V(T), Hall coefficient R H (T), and valence zϭ2ϩn f ͓where the Yb hole occupation n f (T) was determined from Yb-L 3 x-ray absorption͔ of single crystals of YbIn 1Ϫx Ag x Cu 4 . Alloying YbInCu 4 with Ag increases the temperature T s (x) of the first-order isomorphic phase transition and causes it to terminate at a critical point at x c ϭ0.195 and T c ϭ77 K. The variation of V(T) near the critical point is well described by a mean-field equation of state. The phase transition involves a large change in the Kondo temperature, and the transition temperatures T s (x) are of order of the Kondo temperatures T K ϩ (x) of the high-temperature state. The cell volume is found to vary proportionally to 1Ϫn f (T). At low temperatures, well away from the transition, the Wilson ratio of the susceptibility ͑0͒ and specific heat coefficient ␥ falls within 20% of the value predicted for a Kondo impurity, and 1Ϫn f (0) and ͑0͒ are roughly proportional as predicted from the Anderson model. The temperature dependence n f (T) for temperatures away from the phase transition also fits the predictions of the Kondo model. The small volume discontinuity ⌬V/V 0 observed at T s suggests that the phase transition is not due to a Kondo volume collapse. The large Hall coefficients R H (T) observed for xϽx c and TϾT s (x) suggest instead that a low carrier density in the high-temperature state plays a key role in the phase transition.
INTRODUCTION
YbInCu 4 has a phase transition [1] [2] [3] at T s ϭ40 K that is similar to the ''isomorphic'' ␣-␥ transition in Ce metal. 4 The density changes ͑by 0.5%͒ at the transition 3 with no change [1] [2] [3] 5 in the crystal symmetry ͑cubic C15b structure 2 ͒. In the high-temperature state the Yb ion is nearly trivalent, 1 the susceptibility 1 indicates Yb-4 f local moment paramagnetism, and the spin dynamics 6 are as predicted for a Kondo impurity with a small characteristic temperature (T K ϳ25 K). In the low temperature state the Yb ion is mixed valent (zϷ2.8), the susceptibility is that of an enhanced Pauli paramagnet, and the spin dynamics are those of a Kondo impurity with large characteristic energy (T K ϳ500 K).
YbInCu 4 offers a number of advantages over Ce for studying such an isomorphic phase transition, not the least being that single crystals are available. 7 We have shown 5 that our flux-grown crystals are more highly ordered than polycrystal counterparts, and we have begun a study of the properties of this compound and its alloys, in particular YbIn 1Ϫx Ag x Cu 4 . 7 Using the susceptibility (T), we have estimated the variation of the Kondo temperature for different values of alloy concentration x and temperature T, and we have shown that there is a critical point for the isomorphic transition in the xϪT plane near x c Ϸ0. 20 and T c Ϸ80 K.
In this paper we report studies of the volume thermal expansion ␤(T), the low temperature specific heat C p (T), the Hall coefficient R H (T) and the 4 f hole occupation n f (T) ͑as measured by L 3 x-ray absorption͒ of YbIn 1Ϫx Ag x Cu 4 . Well away from the phase boundary, these properties and the susceptibility interrelate as predicted for a Kondo impurity, and the cell volume varies proportionally to 1Ϫn f . Near the critical point, the phase transition can be well described by an equation of state similar to that reported 8 for Ce 1Ϫx Th x alloys. In addition, we confirm directly the assumption made in the older study that the order parameter is the 4 f occupation number n f and that the phase transition temperature T s (x) corresponds approximately to the Kondo temperature T K ϩ (x) of the high temperature state. Despite the similarities to the Ce ␣-␥ transition, we will argue that the isomorphic transition is not due to a Kondo volume collapse 9 but is connected with a low carrier density ͓anomalously large R H (T)͔ observed in the high temperature state of YbInCu 4 .
EXPERIMENTAL DETAILS
The samples were single crystals grown in In 1Ϫx Ag x Cu flux, as reported earlier. 7 A thermal relaxation method 10 was used to measure the specific heat of small (ϳ10-30 mg) samples. The thermal expansion was measured by capacitive dilatometry; samples with dimensions a few mm on a side were loaded in an oxygen-free high conductivity ͑OFHC͒ Cu dilatometry cell 11 and the capacitance was measured using a three-terminal automated capacitance bridge. A sample of high-purity copper was measured to determine background and provide absolute calibration. The experimental resolution for the sample length measurement was ϳ0.1 Å. The Hall voltage was measured in fields of Ϯ1 T for samples of typical dimension 0.5ϫ2ϫ5 mm using an LR400 ac resistance bridge. Any small misalignment voltage was compensated electronically and the magnetoresistance was canceled by reversing the polarity of the field. For fields less than 1 T the signal was linear in applied field. The magnetic susceptibility results reported below were taken from the same experiments ͑which used a SQUID magnetometer͒ reported earlier, 7 the susceptibility has been reanalyzed to correct for a small low temperature ''Curie tail.'' For the L 3 measurement, flux-grown crystals were finely powdered and dusted onto Kapton tape, then loaded in the window of an aluminum holder which itself was mounted in a continuous flow He cryostat. The experiments were performed in the transmission mode on Beam Line 2-3 at the Stanford Synchrotron Radiation Laboratory ͑SSRL͒ utilizing a Si͑220͒ monochromator, detuned 50% to avoid harmonic contamination, and standard ionization detectors. For energy calibration, we simultaneously measured a Cu foil standard. We subtracted a linear background, determined in a wide interval of energy below the absorption edge, from the data and scaled the average absorption in the extended x-ray-absorption finestructure ͑EXAFS͒ region to unity.
RESULTS AND ANALYSIS
The low-temperature specific heat of representative alloys is shown in Fig. 1 . We fit the data to the form C p (T)ϭ␥T ϩ␦T 3 in the temperature range 0ϽT 2 Ͻ20 K , which corresponds to a Debye temperature D ϭ288 K. For xϭ0 and 0.1 a very small (ϳ1%) lambda anomaly was seen near 2 K due to the onset of superconductivity in free In on the sample surface.
The linear coefficients ␥ are plotted as a function of alloy concentration in Fig. 2͑a͒ and compared to the values of the ground-state susceptibility ͑0͒.
The Hall coefficients for a series of alloys as well as for LuInCu 4 and LuAgCu 4 are shown in Fig. 3 . The solid lines represent least-square fits to the equation The L 3 x-ray-absorption spectra for YbIn 0.75 Ag 0.25 Cu 4 are shown in Fig. 5͑a͒ . A shoulder near 8937 eV, which represents absorption by divalent Yb, appears as the temperature is lowered, and the ''white line'' at 8945 eV and secondary peak at 8950 eV, which represent absorption by trivalent Yb, decrease with temperature. Spectra for other values of x are similar, but show differing degrees of temperature dependence. To determine the Yb valence zϭ2ϩn f ͑where n f is the occupation number of holes in the 4 f shell͒ from these spectra, we adopt a standard procedure ͑e.g., Ref. 1͒. We determine the energy dependence for trivalent absorption by measuring the L 3 absorption spectra of LuInCu 4 and LuAgCu 4 ; these had essentially identical absorption spectra that were independent of temperature ͑which also establishes that any temperature dependence observed in the Yb compounds is due to change of the valence͒. We smoothed the Lu spectrum in the region below its absorption edge at 9240 eV to account for the fact that the Lu L 3 absorption is superimposed on the EXAFS from the Cu K␣ edge at 9000 eV ͑which is not the case for the Yb L 3 edge at 8940 eV͒; also, we adjusted the Lu spectra so that the slope at an energy 20 eV below the ''white line'' agreed with the slope of the spectra of the Yb compounds at 8920 eV, which is 20 eV below the white line for the trivalent component. This gave our assumed form for the trivalent spectrum. We then fit the Yb spectrum to the sum of two replicas of this trivalent spectrum, one representing trivalent absorption with a white line centered at 8945 eV, and the other representing divalent absorption with a white line centered at 8937 eV. A representative fit, including the Yb spectrum, as well as the divalent The assumptions that the divalent line shape is a replica of the trivalent and that the latter can be taken from the Lu analog compound are not expected to be strictly valid, and to the extent that they are not valid, we expect systematic error in our estimates of n f . As shown in Fig. 6 and discussed further below, the values of n f (T) deduced from the L 3 measurement correspond to those deduced from the thermal expansion and from the theory of an Anderson impurity; this lends support to the procedure.
As a representative example of the measurement of sample volume using the capacitive dilatometer, we show V(T)/V 0 ͑where V 0 is the volume at 300 K͒ for YbIn 0.75 Ag 0.25 Cu 4 in Fig. 7 . Also included are the data for the trivalent compound LuAgCu 4 . This compound has nearly the same thermal expansion as LuInCu 4 , and hence we assume that it equals the thermal expansion of trivalent Yb for all alloy concentrations x. Subtracting this from the Yb data, we arrive at the anomalous contribution ␦V(T)/V 0 to the volume which arises from the change in valence with temperature. We calculate n f from the formula
where V 2 and V 3 are the ground-state volumes of the hypothetical divalent and trivalent Yb compounds. Since the thermal expansions are small, V 3 and V 0 are equal to within a few tenths of a percent, so (
we use the value V 2 /V 3 ϭ1.046 suggested by earlier authors. 13 In the analysis it is necessary to add a constant to the room-temperature value of ␦V(T)/V 0 ϭ͓V(Yb)/V 0 ϪV(Lu)/V 0 ͔ ͑which would otherwise be zero͒ so that Eq. ͑2͒ gives the correct L 3 valence at the room temperature. The resulting n f (T) curves for several values of x are plotted in Fig. 6 along with the values determined from the L 3 experiments. From Fig. 6 it can be seen that the discontinuity observed at the first order transition (T s ϭ40 K) in YbInCu 4 becomes broad and S-shaped for xϭ0. 25 . This means that in the x-T plane, the line of first-order transitions T s (x) terminates at a critical point at some x c Ͻ0.25 and that for larger x the transitions are analytic. In Fig. 8 we plot ⌬V(T)/V 0 (x) for concentrations xϽ0.3 and for a temperature interval Ϯ30 K about the temperature T s (x) of the isostructural transition. Here ⌬V(T)ϭV(T)ϪV 0 (x), V 0 (x)ϭV"T s (x)…, and T s (x) was chosen as the temperature of maximum slope ͑the data shown were all taken on warming the sample͒; the values of T s (x) are shown in Fig. 9 . To locate the critical point, we have fit the data to a mean-field equation of state similar to that used in the past 8 to describe the behavior of the ␣-␥ transition in Ce 1Ϫx Th x alloys:
In this expression ⌬xϭxϪx c and ⌬TϭTϪT c , where T c ϭT s (x c ). To determine x c we note that the volume thermal expansion arising from the equation of state is
For any xϾx c , the maximum value ␤ max occurs at T ϭT s (x)ϭT c ϩc⌬x and ␤ max Ϫ1 ϭb⌬x, which extrapolates to zero at xϭx c . We plot this in Fig. 9 , where it can be seen that x c Ϸ0.20 for which T c Ϸ80 K. ͓For xϽx c , the firstorder transitions are not perfectly sharp, due to inhomogeneity rounding; hence they have a finite but large slope at T s (x).͔ These values of x c and T c are in good agreement with those determined earlier from the susceptibility. 7 We then fit the data in Fig. 8 Fig. 9 represents the prediction for ␤ max Ϫ1 (x) using these values. Although inhomogeneity rounding is apparent in Figs. 8 and 9 , and there appear to be small secondary transitions for xϭ0.2 and 0.225 ͑again, probably due to alloy inhomogeneity͒, the equation of state gives a reasonable overall description of the data in the vicinity of the critical point.
DISCUSSION
We first discuss the behavior in the region away from the phase boundary T s (x). Examination of Fig. 2 shows that at low temperature the quantities ͑0͒, ␥, and n f (0) all vary proportionally. In fact, all three quantities reach a maximum value for xϷ0.8 corresponding to the low-temperature Kondo temperature having its minimum value for the alloy series at this concentration. In Fig. 10͑a͒ we show the Wilson ratio, i.e., the normalized ratio Rϭ( 2 R/3C)(/␥), where R is the gas constant and C is the free ion Curie constant for Jϭ7/2 Yb. In the Kondo limit of the impurity Anderson model, 14 this ratio should have the value Rϭ(2Jϩ1)/2J ϭ8/7. The data lie within 20% of this value for all x. In evaluating R we have not corrected either ͑0͒ or ␥ for background contributions, which are best estimated by measuring these quantities for the counterpart LuIn 1Ϫx Ag x Cu 4 compounds; however, ͑0͒ is known 15 In the Kondo impurity limit it is approximately true 14 that the Kondo temperature T K is related to the susceptibility by (0)ϭC/T K and to the hybridization strength ⌫ ϭV k f 2 (⑀ F ) ͓where V k f is the 4 f conduction electron hybridization matrix element and (⑀ F ) the conduction electron density of states at the Fermi level͔ by
In Fig. 10͑b͒ we plot the Kondo temperature of the lowtemperature phase T K ϩ ϭC/(0) as a function of x, and in the inset to Fig. 10͑a͒ as a function of n f (0) , the latter determined from the L 3 results ͑Fig. 2͒. The values of T K Ϫ increase as 1Ϫn f (0) increases, but they cannot be fit by Eq. ͑5͒ assuming a constant value of ⌫ for all values of x. If we take Eq. ͑5͒ literally, then the inset suggests that ⌫ decreases from a value of order 900 K ͑0.078 eV͒ for the lowtemperature state at xϭ0 and 0.25 to a value of order 350 K ͑0.029 eV͒ for xϭ0.75 and 1; the crossover data point occurs at xϭ0. 5 . The open triangles in the inset represent estimates of T K ϩ ͑obtained by fitting the high-temperature susceptibility to the predictions of the Kondo model as in Ref. 7͒ and n f (0) for the high-temperature state for xϭ0 and 0.25; these suggest even smaller values of ⌫.
In Fig. 6 we compare the experimental results for the temperature dependence of the occupation number n f (T) to the predictions 14 of the Anderson model. We have used theoretical results for Jϭ5/2 since results for Jϭ7/2 have not been reported; we assume that differences between the predictions for the two cases are small and of the order of experimental error. The theoretical curves obey a scaling relation and are fixed by two parameters, n f (0) and T K . For x у0.5, we use the values for n f (0) and T K Ϫ ϭC/(0) determined from Fig. 2 ; for xϭ0 and 0.25, we use the hightemperature value of T K ϩ and choose n f (0) to give a good fit to the high-temperature data. The theory represents the data reasonably well at all temperatures for xу0.5; for smaller x ͑where the phase transition causes a change in T K with temperature, as discussed below͒, the theory fits the data well at temperatures sufficiently greater than T s (x).
Hence the single impurity Anderson model is adequate to interrelate the ground-state quantities ͑0͒, ␥, and n f (0) and to describe the temperature dependence of n f (T). It has also been shown 6 to describe the magnetic inelastic neutron scattering spectrum of YbInCu 4 . On the other hand, the Yb sublattice is periodic in these compounds and the periodicity is expected 14 to give rise to ''coherence'' at low temperatures. A possible manifestation of coherence in our data is the observed deviation of the Wilson ratio from the value 8/7 expected for a Kondo impurity. This could occur if the groundstate 4 f spectrum is that of a narrow 4 f band with structure different from the nearly Lorentzian resonance spectrum expected 14 for an Anderson impurity. The Anderson model does not include coupling to the cell volume, which must be added as an additional assumption. The oldest assumption 4 is that, because the divalent Yb ion is larger than the trivalent ion, the cell volume ␦V(T)/V 0 should vary proportionally to n f , i.e., Eq. ͑2͒ should give an adequate description of the relationship between these quantities. Figure 6 shows that for most x and T the cell volume ␦V(T)/V 0 does indeed vary proportionally to n f , as determined from the L 3 experiments. We now turn to the phase transition. Figure 8 shows that the data are well fit by a mean-field equation of state ͓Eq. ͑3͔͒ that itself follows from a Landau free energy of the form,
This is of the same form as has been shown to be valid for the ␣-␥ transition in Ce 1Ϫx Th x alloys, 8 where it was pointed out that it is analogous to the free energy of a ferromagnet in a magnetic field, but with the replacements ⌬TϭT ϪT c →⌬xϭxϪx c and H→TϪT s (x)ϭ⌬TϪc⌬x. We note further that in the older work it was assumed that in the vicinity of the critical point the volume change ⌬V(T)/V 0 varies proportionally to n f (T). Our L 3 results allow us to confirm this assumption ͑see especially the case xϭ0.25 in Fig. 6͒ . This means that the order parameter can be taken to be the 4 f occupation number n f .
The phase transition can be viewed very generally in the following way. In the absence of interactions between the 4 f electrons, the system obeys the energetics of the single-ion Anderson model. The occupation number ͑order parameter͒ n f saturates to unity at high temperature in order to lower the free energy by taking advantage of the spin entropy available when the Yb 4 f electron localizes in the trivalent state. This creates the analogy between temperature in the isomorphic transition and magnetic field in the ferromagnetic transition ͑where the order parameter saturates at high magnetic field͒. Some form of interaction coupling the values of n f on different sites creates the highly nonlinear dependence of the order parameter n f on T that drives the phase transition.
In the case of a mean-field ferromagnet, the strength of the interactions is measured by the molecular field constant ϭT c /C ͑where C is the Curie constant͒ and is reflected in the term (b/2)(TϪT c )M 2 in the free energy. By analogy the strength of the interactions for the isomorphic transition is measured by x c , or rather by the ratio bx c /a. ͑More precisely, the value of x c measures the efficiency of the solute in weakening the interactions.͒ A study of how the critical concentration x c depends on the solute M in YbIn 1Ϫx M x Cu 4 would thus give secondary information on the physical chemistry of the interactions.
As can be seen in the plot ͑Fig. 10b͒ of the Kondo temperatures T K Ϫ and T K ϩ of the low and high temperature states, there is a large change in the Kondo temperature at the phase transition. This has been directly observed 6 in neutron scattering experiments. This decrease in T K above T s is connected with the large decrease in hybridization parameter ⌫ mentioned above. In addition, the phase transition temperature T s (x) is very nearly equal to the Kondo temperature T K ϩ of the high temperature state; this can be seen by comparing Figs. 9 and 10. A similar relationship was observed in Ce 1Ϫx Th x alloys 16 and in ␥-Ce, 17 where the Curie-Weiss ͑which is an estimate of T K ͒ satisfies ( P)ϭT s ( P)/2. The reason for this equality is that the transition occurs when n f begins to change rapidly with temperature, and the most rapid variation of n f (T) occurs at temperatures in the vicinity of T K . Because the high-temperature state has the smaller Kondo temperature, as the temperature increases to values of order T K ϩ the system can gain spin entropy and hence lower the free energy by transforming to the high-temperature state.
The key question for understanding isomorphic transitions concerns the precise nature of the interactions responsible for the transition. A large change in T K is also observed at the Ce ␣Ϫ␥ transition, which suggests a similar mechanism for the phase transition. The Kondo volume collapse ͑KVC͒ model 9 of the Ce ␣Ϫ␥ transition is based on the idea that the isomorphic transition arises from dependence of the 4 f -conduction electron hybridization ⌫ on cell volume. As the temperature is lowered and n f decreases, the degree of mixed valence increases causing a decrease in the Ce cell volume; this increases the 4 f -conduction electron overlap, and consequently increases ⌫, which in turn ͓by Eq. ͑5͔͒ increases T K and hence decreases T/T K . Because n f is a monotonically increasing function of T/T K , the net effect is that n f decreases more rapidly with decreasing temperature than in the absence of the effect. In this model the existence of the transition depends on a large change in Kondo condensation energy (Ϸk B T K ) correlated with the large change in cell volume at the phase transition and a substantial volume dependence of the hybridization ⌫. Quantitatively, the change in T K at the transition satisfies ⌬T K /T K ϭ Ϫ⍀⌬V/V 0 , where ⍀ϭϪ‫ץ‬ ln T K ‫ץ/‬ ln V is the Gruneisen parameter. The latter can be estimated from the pressure dependence of the Curie-Weiss parameter (ϰT K ) using the formula ⍀ϭB(1/)d/dP, where B is the bulk modulus. Using the measured values for ␥-Ce ͓Bϭ215 kbar, 18 (1/)d/dPϭ0.2 kbar, 17 and ⌬V/V 0 ϷϪ0.2 ͑Ref. 17͔͒ gives ⍀ϭ43 and ⌬T K /T K ϭ8.6. The observed increase in T K at the transition ͑from 200 K for ␥-cerium to 1500 K for ␣-cerium 9 ͒ is consistent with this estimate. Such an analysis for YbInCu 4 , where T K increases from a value of order 25 K at high temperature to a value of order 500 K at low temperature ͑i.e., ⌬T K /T K ϭ20͒ and where the volume discontinuity is ⌬V/V 0 ϭ0.005, 7 requires a Gruneisen parameter of order 4000 in the high-temperature state. Viewed from the low-temperature state where ⌬T K /T K ϭ Ϫ1, the Gruneisen parameter must be 200. These values are unrealistically large. Indeed, we can estimate the Gruneisen parameter in the high-temperature state using the abovementioned observation that T s ϷT K ϩ and the observation 19 that for Pϭ10 kbar, T s decreases from 40 to 20 K. Taking the bulk modulus of YbInCu 4 to be Bϭ1100 kbar, 20 we have ⍀ϭB(1/T s ) dT s /dPϭ55 ͑not an unreasonable value for a heavy fermion system͒ and ⌬T K /T K ϭ⍀⌬V/V 0 ϭ0.275. Such a small volume discontinuity simply cannot generate the large change in T K observed at the transition in YbInCu 4 . ͓As an added point, we note that the thermal expansion of YbInCu 4 in the high-temperature state over the interval 40-300 K is larger than occurs at the transition ͑Fig. 7͒. If the Kondo temperature were simply a function of cell volume, as in the Kondo volume collapse model, a large Kondo temperature and substantial mixed valence would be expected at room temperature, which is not observed.͔ In summary, the isomorphic phase transition in YbInCu 4 is similar to that occurring in Ce metal in two respects. First, both YbIn 1Ϫx Ag x Cu 4 and Ce 1Ϫx Th x obey a similar meanfield equation of state. This is a very general feature of this class of transitions. 21 Second, in both cases large changes in Kondo temperature are observed at the phase transition, where the phase transition temperature is comparable to the Kondo temperature T K ϩ of the high-temperature state. The system lowers the free energy by taking advantage of the large spin entropy available of TϾT K ϩ . The transitions differ, however, in that for Ce, as opposed to YbInCu 4 the large change in T K is driven by a large volume change.
A possible clue to the origin of the phase transition can be seen in Fig. 4 . The high-temperature Hall coefficients R 0 vary dramatically as a function of the Ag alloying. If it is assumed that the carrier concentration is coupled to the phase transition, then it should be possible to estimate the critical concentration x c from R 0 (x) by determining where dR 0 /dx has its maximum value. Using this technique yields x c ϭ0.2 in agreement with the value determined from thermal expansion measurements. The large Hall coefficients R 0 observed in the high-temperature state for xрx c Ϸ0.2 suggest an anomalously small carrier density in this region of the phase diagram. This low carrier density is also observed in LuInCu 4 , and it has been attributed 22 to semimetallic behavior, where hole and electron pockets with small carrier density ͑0.04 carriers per formula unit, in reasonable agreement with our experimental value of 0.07͒ overlap at the Fermi surface. As a result there is a valley with a small density of states (⑀ F ) at the Fermi level separating a peak below ⑀ F with a large density of hybrid Cu-s, p, d, Lu-d and In-p states from a peak above ⑀ F with a large density of Lu d states. Assuming that for trivalent Yb the Fermi level will also be in the valley, then ⌫ϭV k f 2 (⑀ F ) would be small, and therefore T K will be small, as observed. In the mixed valent state, electrons must be removed from the conduction band to provide the extra electrons in the Yb 4 f shell. If this lowers the Fermi level into the region of the peak in the density of states, then ⌫ and hence T K will increase. This theory agrees well with our experimental observation that the carrier density changes from 0.07 to 2.2 carriers per formula unit at T s in YbInCu 4 . If this interpretation is correct, the transition does not require a large volume change, but depends on the ability of the system to gain a large condensation energy (Ϸk B T K ) by a small shift in Fermi level and Yb valence. 
